Shock-boundary layer interaction (SBLI) is a kind of problem which is frequently met in supersonic engine inlet flow and external flow. A detail study on mechanism of reduction of shock induced flow separation by MVG is carried out by high order implicit large eddy simulation (LES). To generate the fully developed turbulent flow, a series of turbulent profiles are given by previous DNS simulation results. The mechanism of reduction of shock induced flow separation was originally considered as a result of plump velocity profile caused by turbulent kinetic energy. It was acclaimed that turbulent flow has so stronger kinetic energy that the velocity profile is changed to be plump, which lead to reduction of shock induced flow separation. However, according to our detail study in this paper, the shock wave breaks down when ring-like vortices generated by MVG are passing through it, while the vortex structure never breaks down and is even little influenced. Therefore, the flow separation induced by shock is reduced by break-down of shock wave, not plump velocity profile. More details of the investigation on the mechanism are reported in this paper. 
I. Introduction
icro vortex generators (MVG) are a kind of low-profile passive control device designed for the boundary layer control, which was considered to be very practical for the flow control in supersonic. In contrast to the conventional counterpart, MVG has the smaller size (approximately the height 20-40% of the boundary layer), longer streamwise distance for the vortices to remain in the boundary layer, and therefore better efficiency of the M momentum exchange [1] [2] . In Lin's review [3] on the low-profile vortex generator, it was mentioned that MVG could alleviate the flow distortion in compact ducts to some extent and control boundary layer separation due to the adverse pressure gradients. Similar comments were made in the review by Ashill et al [4] .
Supersonic ramp flow is a typical prototype SBLI problem, and the ramp configuration often exists on the engine and control surfaces in high speed vehicles. The fundamental problem of the ramp flow includes the determination of characteristics and criteria of the flow separation and reattachment, the mechanism of the shock unsteadiness, and the aerodynamic/thermal correspondence, etc. For experimental investigations, some well recognized studies can be found from the work by Dolling [5] , Settles [6] , Dussauge [7] , Andreopoulos [8] , Loginov [9] . And many numerical simulations had been made on these problems as well, such as simulations on a compression corner by implicit LES using a high-order method made by Rizzetta and Visbal [10] ; LES on ramp flow conducted by Kaenal, Kleiser and Adams et al [11] which used an approximate de-convolution model developed by Stolz Martin [12] [13] . More work on MVG and other flow control tools have been done recently. According to the experimental and numerical research, some flow mechanisms are recognized as: a) the amplification of the turbulence after the SBLI is thought to be caused by the nonlinear interaction between the shock wave and the coupling of turbulence, vorticity and entropy waves [14] ; b) the unsteady motion of the shock is considered to be generated by the very long lowmomentum coherent structures in logarithmic layer and such structures might be formed by the hairpin vortex packet.
The mechanism of how the MVG can be used to control the supersonic ramp flow is still need to study, although there are many investigation of experiments and computations on MVG and ramp problems. A new model of five pairs of the vortex tubes around MVG ( Fig.1 ) was given by Li and Liu [15] [16], after analyses on numerical simulations about MVG controlled flow using LES at M=2.5 and Re=1440. The dominant vortex near the MVG is the primary vortex; underneath there are two first secondary counter-rotating vortices, which later leave the body surface and become fully 3D separations by the way of spiral points in body surface. These vortices will merge into the primary vortex propagating downstream, while new secondary vortex will be generated under the primary vortex. This dynamic vortex model is mostly confirmed by the experiment work of Mohd R. Saad et al [17] (Fig. 2 ). In our previous studies [18] [19], numerical simulations are made on supersonic ramp flow with MVG control at M=2.5 and Re=5760. The flow field around the MVG and surrounding areas has been studied in details. Furthermore, 3-D structure of the shocks is also obtained. The special ring-like vortices were found and they would travel to downstream. After the MVG, a strong momentum deficit was found behind MVG which causes a strong circular shear layer [20] , which is consistent with the referenced computations and experiments. To reveal the coherent structure of the flow, the iso-surface of λ 2 scalar field is given in Fig. 3 . It is very clear that there is a chain of vortex rings, starting from behind of the trailing-edge of MVG. Compared to the vortex structure in MVG controlled low intensity turbulent boundary layer [21] , the ring-like vortex structure is still generated if the inlet condition is fully developed turbulent inflow. These rings could be a dominant factor of the mechanisms of MVG in control of shock boundary layer interaction. Numerical discoveries of the vortex ring structures in our previous papers is also confirmed by 3-D PIV experiment ( Fig. 4b) conducted by Sun et al [22] at Delft University. The particle image velocimetry (PIV) and the acetone vapor screen visualization are used to track the movement of the flow. Compared the two results (Fig. 4) , we can find the similar distribution of streamwise and spanwise vorticity components, which also proves the existence of ring structures. In this paper, the interaction between shock wave and ring-like vortices generated by MVG is studied in detail, and the mechanism of reduction of shock induced flow separation by MVG is further studied.
II. Numerical methods, grid generation and turbulent inflow
To reveal the mechanism and get deep understanding of MVG, high order DNS/LES is necessary. In this paper, a method called monotone integrated LES (MILES) [10] was used for solving the unfiltered form of the Navier-Stokes equations with the 5th order bandwidth-optimized WENO scheme at and , in which the numerical dissipation is used as the sub-grid stress model.
Flows around MVGs are studied with back edge declining angle 70 o (see Fig. 8a ). The geometries for the cases are shown in Fig 8b. (in which δ 0 represents the incompressible boundary layer nominal thickness). The grid number for the whole system is: n spanwise ×n normal × n streamwise =128×192×1600. The details about the geometric objects, grid generation, computational domain, etc, which are introduced in our previous paper [18] [20] [21], will not be repeated here.
The adiabatic, zero-gradient of pressure and non-slipping conditions are adopted at the wall. To avoid possible wave reflection, the non-reflecting boundary conditions are used on the upper boundary. The boundary conditions at the front and back boundary surfaces in the spanwise direction are treated as the periodic condition, which is under the consideration that the problem is about the flow around MVG arrays and only one MVG is simulated. The outflow boundary conditions are specified as a kind of characteristic-based condition, which can handle the outgoing flow without reflection.
To generate the true turbulent inlet, twenty thousand turbulent profiles are obtained from previous DNS simulation and used as the time dependent inflow [23] . In our previous paper, the flow properties were also checked. It provides a shape factor H as about 1.35, which shows the flow before the MVG is fully developed turbulence flow. The inflow boundary layer velocity profile agrees with the analytical profile as well.
To check the flow properties before the MVG, we analyzed the relevant flow parameters on a spanwise cross section which is 11.97h ahead the apex of MVG. . Thus, we can obtain a shape factor H as about 1.35, which shows the flow before the MVG is fully developed turbulence flow. Fig. 9 shows the inflow boundary layer velocity profile in log-coordinates on the same cross section. There is a well-defined log region and the agreement with the analytical profile is well established. These results are typical for a naturally grown turbulent boundary layer in equilibrium. 
The ring-like vortices never broke down
The newly generated vortex ring will immediately interact with the shock wave induced by the ramp. The ringlike vortex would pass through the shock wave rather smoothly and kept its topology structure and even its velocity after passing. In Fig. 5 , the streamwise vorticity distributions on the central plane before and after a ring-like vortex passing through the shock wave are given. The typical high value centers present the positions of the vortex tops on the central plane. It shows that the ring-like vortex does not break down at the top part and even the vorticity distribution in it does not influenced much by the shock wave. Fig. 6 shows the 3D vortex lines starting from a ringlike vortex top which just passed through the shock. Vortex ring structure is composed by the vortex lines. From Fig  6, we can see the concentration of the vortex lines at the top of the vortex which forms the ring structure, and those lines scatter to the space in the bottom. As a strong shock wave, it generates the strong discontinuity to velocity, density and pressure. However, the vortex lines which compose the ring structure is not broken at the region of the shock, they connect the two flow field separated by the shock. This is another proof to show that the ring structure is quite robust, never break down during the interaction and even be little influenced by the existence of shock wave. 
The shock wave breaks down
When the vortex rings generated by MVG are passing through shock wave induced by ramp, shock wave would break down. During the interaction, the shock wave at the ramp corner was distorted badly and even was reduced a lot. In Fig. 7 , we can see that the quantity of the shock wave is reduced a lot at the region where the interaction happens. It shows the upper part of the shock wave keeps well in the shape. In the meanwhile, at the bottom part, it suffers the severe interaction. Fig. 7 also shows the pressure and density gradient distribution before and after a ringlike vortex passing through the shock wave. During the process, a structure of multiple layer shock waves is discovered. This typical multiple layer shock structure is continuously formed when ring-like vortices pass through the shock wave. The number of the shock layers changes during the interaction, generally, 2-4 layers will be formed. As we mentioned in previous paper, by the upward induction of the flow at the center position of the ring, a particular bump shape will be formed after a ring's penetration. Here, the mechanism of the multiple layer shock wave can also been explained by the influence of the rings. Actually, the bump shape is the most outer side layer of the shocks. When a vortex ring penetrates the shock, the upward induction on the flow will generate a new shock layer which is much weaker than the shock at the upper part. However, the new born weak shock layer does not disappear immediately after the ring passed the shock. When the second ring afterwards comes, another shock layer will be formed. This is the mechanism of the multiple layer shock waves and the relation to the arc-like bump shape. However, the multiple layer structure will disappear after the interaction with a certain ring-like vortex.
(a) (b) Figure 7 . Pressure gradient (a) and density gradient (b) at two subsequential time steps
The flow field lost its symmetry and it can be clearly illustrated by the shape of shock wave. The shock wave shape is in fully 3D when shock wave and vortex rings are interacting (Fig. 8) . When a ring-like vortex passes through the shock wave, a bump of the 3D shock wave surface is present. It showed that when a ring-like vortex enters the shock wave, it would incline to some degree to the ramp which will cause upward induction of the flow at the center position of the ring. The inducted flow will interact with the incoming free stream and make the surface of the shock wave to be an obvious arc-like boundary. The pressure at the center of vortex rings is lower than surroundings. When vortex rings are passing through the shock wave, they will change the pressure distribution around shock wave. In fact, the pressure before shock wave will decrease due to vortex rings, and then the difference of pressure between front and back of shock wave will reduce. Therefore, the shock wave is distorted badly and even is reduced a lot since the shock is a result of difference of pressure. More quantity researches will be reported in the final AIAA paper.
IV. Conclusion
The mechanism of reduction of shock induced flow separation was originally considered as a result of plump velocity profile caused by turbulent kinetic energy. It was acclaimed that turbulent flow has so stronger kinetic energy that the velocity profile is changed to be plump, which lead to reduction of shock induced flow separation. However, according to this detail study, the shock wave breaks down when vortices are passing through it, while the vortex structure never breaks down and is even not influenced. The lower pressures at the center of vortex rings reduce the difference of pressure between front and back of shock wave, and then change the shock wave profile and structure. Therefore, the flow separation induced by shock is reduced by break-down of shock wave, not plump velocity profile.
